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Introduction
For operating nuclear reactors, many core components are constructed from 304 stainless steeI [1] . Performance of 304 stainless steel under long-time, low dose rate irradiation is important to extended life operation. The dose rates for typical pressurized water reactor (PWR) components rtige horn about 1.4x10-7 dpa/s for components in the inner core region to 1.4x10-10dptis for the core barrel (these displacement rates are calculated using fast neutron fluences from [2] converted to dpa using 0.7x1021n/cm2=l dpa [3] ), with thicker components reaching temperatures up to 400"C [4] .
As part of the EBR-11 reactor materiak surveillance (SURV) program [5] [6] [7] [8] [9] , test samples of 304 stainless steel were placed into EBR-11 in 1965, with the intention of determining microstictural, corrosion, and mechanical property changes due to irradiation and themnal aging. The peak displaceme~t rate for the materials in the SURV subassemblies was approximately 6.5x1 0-8dpa/s. This displacement rate is about two orders of magnitude lower than used in a typical accelerated reactor materials test but within the range of displacement rates experienced by commercial light-water reactor (LWR) core components [4] .
Following shutdown of the EBR-11reactor, sumeillance test samples constructed of304 stainless steel were retrieved to determine the effect of low dose rate irradiation on mechanical properties and microstructure. In addition to the SURV specimens, a large quantity of hexagonal duct material, made of 304 stainless steel with a thickness of approximately lrnm, was retrieved from the reflector region of the EBR-11. These EBR-11 components were irradiated at temperatures greater than most PWR components. Even so, the material is valuable for understanding life extension problems in PWRS. Test samples can be imadiated in PWRs at operating temperatures, but to get to the high doses expected at end of life, the samples must be irradiated at a dose rate higher than experienced by actual core components. The EBR-11material is irradiated at a representative dose rate, but at a slightly elevated temperature. The scenario is illustrated in figure 1 . Because the development of irradiated microstmcture is both temperature and dose rate dependent, a high temperature or high dose rate test by itself is not entirely representative. An analysis that includes both high dose rate (operating PWR) and high temperature (EBR-11) data provides a greater opportunity to identi~and understand mechanisms of radiation damage.
This work reports on the swelling, microchemical, and microstructural changes that occur in 304 stainless steel irradiated at temperatures from 371-390"C. Samples were irradiated at dose rates ranging from 2.OX1 0-8and 6.6 X10-8dpa/s to doses of 20 dpa. PWR~Hi@ dp' -1 "?gl'%s%" '*- 
Experiment
Two analyses were performed on the 304 stainless steel samples: bulk swelling was measured using immersion density and microstructural and microchemical characterization was pefiormed using transmission electron microscopy. Density samples were examined from six different surveillance (SURV) subassemblies irradiated in row 12 of EBR-11 and from reflector hex cans irradiated in row 10 and 14 of EBR-11. SURV density specimens were prepared by slicing an approximately lmm thick disk horn the 1.1lcrn SURV hardnessicorrosion specimens (see figure 2 ). For the reflector subassemblies, three-quarter inch (1.9 cm.) diameter samples were punched at selected locations of the lmm thick hex cans using a remotely con@olled hydraulic punch. Samples for microstructural and microchemical analysis were prepared from the density samples. The densi~disks were thinned in a hot cell to about 250 pm by mounting and grinding using standard metallographic sample preparation techniques. Three millimeter TEM sample blanks were then punched from these thinned disks using a special mechanical punch developed for hot cell use. TEM sample blanks were electropolished at -30°C using a 5°/0 perchloric acid/950/0methanol solution until electron transparent. Grain boundary compositions were measured using a Phillips CM200 ,FEG-STEM with an EMiSPEC X-ray analysis system. Other micros&uctural characterization was performed using a JEOL 2010 transmission electron microscope.
SURV specimens were irradiated to doses horn 0.25 to 20 dpa at temperatures ranging from 371-390°C. The dose rate, temperature, and final dose of each SURV density specimen depended on its axial location in the surveilkmce subassembly. The displacement rates varied from 3.1X10-8dpa/s to 6.5x10-8 dpa/s. The temperature varied horn 371-389"C. The temperature, dose, and dose rate of the reflector samples also depended on location in the core. Doses were calculated from reactor fluence using NJOY flux-to-dpa cross sections.
For samples in which microstructure and microchemistry were analyzed, the irradiation history is provided in Table 1 . The row 14 subassembly was moved once during its lifetime but spent the majori~of time in row 14. While in position 14E1O, samples were within 5°C of their average temperature. During the short period of time in position 8F4, the temperature was 390°C. Immersion density, grain boundary composition measurements, and microstructural characterization were performed on all four conditions except for SURV 10 K-5 on which no grain boundary composition measurements were performed. Samples were taken from three different lots of 304 stainless steel. Because the subassemblies were fabricated from different lots of steel, differences in composition may be critical. Compositions fkom the SURV samples were measured prior to insertion in the reactor. Unirradiated archive material exists for the row 10 subassembly, but not for the row 14 subassembly. Therefore, composition was determined from samples taken from both irradiated hex ducts using Inductively Coupled Plasma-Atomic Emission Spectroscopy (ICP-AES) for major elements and a LECO IR-412 Carbon Determinator for carbon. Table 2 provides composition measurements for each hex duct and for the SURV samples. The row 10 subassembly has a significantly smailer concentration of Mo. Immersion densi~and transmission electron microscopy measurements were performed on samples &om rows 10, 12, and 14. The density and void distribution measurements are presented fwst followed by the grain boundary segregation measurements.
Densi~and Void Distributions
In figure 3 , swelling is plotted as a fi.mction of dose for both the row 12 surveiIkmce samples and the row 10 and 14 subassembly samples. The swelling of the surveillance samples increases continually with increasing dose, reaching 2°Aby 19.6 dpa. For samples irradiated to doses near 10 dpa, the swelling increases for samples taken farther from the core center (irradiated at lower displacement rate). 
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. . Void size distributions for the two SURV samples irradiated in row 12 are shown in Fi~e 6. These samples are from the same lot of steel and were irradiated in the same experimental subassembly, but at different axial heights. The higher dose sample was irradiated closer to the core centerline and experienced about twice the dose. The higher dose sample was also irradiated at a slightly higher temperature. For the sample irradiated to a larger dose and higher temperature, the average void size is larger and the density of voids is smaller. The void distribution in the higher dose sample has a Iarger tail of large voids. Figure 7 indicates the change in grain boundary concentration for row 10 (12.2dpa), row 12 (19.6 dpa), and row 14 (10.0 dpa) samples. As the displacement rate decreases, the amount of nickel enrichment and chromium depletion increases. Even at half the dose, the row 14 sample has greater radiation-induced segregation (K(S) of Ni and Cr than the row 12 sample. Figures 8 and 9 show the gri+n boundary segregation for two different boundaries in the row 12 high dose (19.6 dpa) sample. In figure 8 , the segregation was measured near a precipitate. The precipitate was a Cr rich precipitate with a Cr concen~ation of 30 atO/&Near the precipitate, the Cr concentration is lower than at grain boundary locations farther ilom the precipitate. Away horn the boundary, the Cr is 13-14 at%. The Ni concentration is very high nearest the precipitate and lower away tiom the precipitate. Figure 9 shows the grain boundary profiles and measurements on a precipitate free boundary in the row 12 high dose (19.6 dpa) sample. The concentrations of Ni and Cr are relatively constant. Only the measurement in the thickest area of the sample shows noticeably lower Ni concentrations.
Radiation-induced Grain llounda~Segregation

Discussion
The implications of irradiation conditions on the swelling and RIS in 304 stainless steel are discussed below. Figure 3 showed the swelling of the EBR-11surveilkmce material as a fiction of dose. The swelling reached a maximum of 2% at 19.6 dpa. Austenitic stainless steel alloys eventually reach a terminal swelling rate of 10/O/dpa [1O].At the maximum dose analyzed (19.6 dpa), the 304 SURV material is still earIy in the transient portion of the swelling versus dose with a swelling rate near O.10/O/dpa.
Swelling
The effect of dose rate on swelling can be seen by noting the relative swelling of the row 10, 12, and 14 samples. For samples irradiated near 375°C and 10 dpa, swelling increases with decreasing dose rate. The row 14 and row"1Odensi~measurements have been previously reported by Gamer et al. [1 1] , who, in a much larger study, showed a clear dependence of swelling on dose rate in 304 stainless steel.
The differences in void size distribution between the two row 12 samples (figure 6) are lilcely to be due to both temperature and dose. Void size is known to increase with increasing dose and the larger dose sample has greater swelling. Increasing the temperature is known to increase the void size and decrease the density. The higher temperature sample has larger voids and a smaller density.
Radiation-induced Grain Bounda~Segregation
The discussion of radiation-induced segregation is divided into two sections. First, the effect of dose rate on segregation is explained. Next, the effect of grain boundary precipitation on segregation is discussed.
Effect ofL30se Rate
. Theory predicts that radiation-induced grain boundary segregation depends on both temperature and dose rate. Figure 10 plots model predictions for chromium depletion in 304 stainless steel. At temperatures around 375"C, chromium depletion should increase with decreasing dose rate. The data from figure 7 confms this trend. The row 12 and 14 samples have significantly greater molybdenum than the row 10 sample. Segregation measurements in samples Ii-em Magnox reactor control rods (a 4 wt. 'XO boron steel) i.madiated at temperatures from 290-330"C to doses from 0.04-0.35 dpa, indicated that increasing Mo content reduced the Cr depletion [12] . In the EBR-11 samples, greater grain boundary chromium depletion occurs in the sample with greater bulk molybdenum concentratio~contrary to the Magnox measurements. Examining Table  2 , the differences in segregation do not correlate with any changes in bulk composition. Since the differences in chromium depletion in the EBR-11 materials do not correlate with differences in bulk composition, they are likely to be caused by dose rate differences. Dumbill measured segregation inan Fe-18Cr-1 5Ni alIoy irradiated with neutrons at 400°C to 12.7 dpa in EBR-11 [13] . A dose rate was not reported, but a typical experimental location in EBR-11had dose rates on the order of 10-6dptis. The segregation measured by Dumbill is compared to the segregation measured in this study in figure 11 . The segregation is larger in the lower dose rate samples. In the work by Dumbill, the Fe18Cr-15Ni alloy has a greater bulk nickel concentration and therefore would be expected to exhibit greater nickel enrichment [14] for similar irradiation conditions. The greater segregation in the EBR-11materials is likely attributable to a dose rate difference.
The sarnple in row 14 was moved once during its lifetime, obtaining 7.6 of its total 10 dpa in row 14. Figure 12 shows the calculated time to steady-state RIS for different dose rates and temperatures. For the row 14 dose rate of 2x10-g dpa/s at 375"C, RIS should reach steady-state by around 1-2 dpa. Since the row 14 sampIe received 7.6 dpa in position 14, it should be at steady-state and comparisons with row 12 and 10 samples are not likely to be affected by the sample movement.
Eflect of Precipitation
As seen in figure 8 , the existence of a precipitate affects the grain boundary segregation. Near the precipitate, the Cr concentration is lower as diffbsion of Cr to precipitate reduces the Cr on the boundary. The composition near grain boundary precipitates has a noticeable effect on electropolished samples. The 5'XOperchloric the acid/950/0methanol polishing solution tends to etch away precipitates and the surrounding regions. Heavily precipitated samples may be more susceptible to grain boundary corrosion.
MS and Void Swelling
For imadiation temperatures near 375"C, both the void swelling and radiationinduced grain boundary segregation increase with decreasing dose rate. The decreased dose rate reduces the fraction of point defects lost to recombination, allowing more to participate in diffisional events that lead to IUS or void formation and growth. Although the enrichment of slow diffising nickel and depletion of fast diffbsing chromium at the void surface reduces the subsequent flux of vacancies to the void surface [15] , the major factor affecting void growth is the displacement rate.~
Conclusion .
Both void swelling and radiation-induced segregation have been measured in 304 stainless steel irradiated in the EBR-11 reactor. For temperatures near 375"C, a dose of 20 dpa causes 2'XO sweIling. At 20 dpa, the swelling is still in the transient phase with a rate of about O.1°/O/dpa. At temperatures near 375°C, both void swelling and IUS increase as the dose rate decreases. Precipitation on the grain boundary can significantly affect the radiation-induced grain boundary segregation profiles in the vicinity of the precipitate.
